Inflammasomes are protein complexes assembled upon recognition of infection or cell damage signals, and serve as platforms for clustering and activation of procaspase-1. Oligomerisation of initiating proteins such as AIM2 (absent in melanoma-2) and NLRP3 (NOD-like receptor family, pyrin domain-containing-3) recruits procaspase-1 via the inflammasome adapter molecule ASC (apoptosis-associated speck-like protein containing a CARD). Active caspase-1 is responsible for rapid lytic cell death termed pyroptosis. Here we show that AIM2 and NLRP3 inflammasomes activate caspase-8 and -1, leading to both apoptotic and pyroptotic cell death. The AIM2 inflammasome is activated by cytosolic DNA. The balance between pyroptosis and apoptosis depended upon the amount of DNA, with apoptosis seen at lower transfected DNA concentrations. Pyroptosis had a higher threshold for activation, and dominated at high DNA concentrations because it happens more rapidly. Gene knockdown showed caspase-8 to be the apical caspase in the AIM2-and NLRP3-dependent apoptotic pathways, with little or no requirement for caspase-9. Procaspase-8 localised to ASC inflammasome 'specks' in cells, and bound directly to the pyrin domain of ASC. Thus caspase-8 is an integral part of the inflammasome, and this extends the relevance of the inflammasome to cell types that do not express caspase-1.
Inflammasomes are multiprotein complexes assembled in response to infection, cell damage or environmental stress, which lead to recruitment and activation of procaspase-1. Caspase-1 cleaves proIL-1b and proIL-18 prior to their secretion as inflammatory cytokines, and also induces a rapid lytic cell death termed 'pyroptosis' that is morphologically different from apoptosis. 2, 3 Pyroptosis involves pore formation, osmotic swelling and early loss of membrane integrity, and is consequently inflammatory. 4 This contrasts with apoptosis, the major form of cell death during development, which is considered immunologically silent as membrane integrity is maintained until cells are phagocytosed in vivo. 5 Apoptotic death involves cell shrinkage, nuclear condensation and fragmentation, membrane blebbing and exposure of phosphatidylserine on the outer membrane leaflet as a phagocytic stimulus.
Caspases are the critical effector molecules of both apoptotic and pyroptotic cell death. The caspase family of cysteine proteases can be divided into inflammatory caspases, such as mouse caspase-1 and -11 (human caspase-1, -4 and -5), and those involved in the initiation of apoptotic cell death. 6, 7 The pro-apoptotic caspases include initiator caspases, caspase-2, -8 and -9, which cleave executioner caspases, such as caspase-3 and -7. Caspase-3 and -7 then cleave many cellular proteins, leading to apoptosis. Initiation of apoptosis occurs broadly via the extrinsic or intrinsic pathway. In the extrinsic pathway, ligation of cell-surface death receptors such as Fas and tumour necrosis factor receptor-1 (TNFR1) leads to the formation of the deathinducing signalling complex (DISC), resulting in recruitment of procaspase-8 via its death effector domains (DEDs). 8 The induced proximity of procaspase-8 facilitates its activation via dimerisation and intermolecular cleavage. The dimerisation of procaspases underlies the activation of all initiator caspases. 9 The intrinsic pathway of apoptosis involves induction of mitochondrial outer membrane permeability (MOMP), leading to cytosolic release of cytochrome c and formation of the multiprotein 'apoptosome' complex that serves as a platform for activation of caspase-9. 8 DNA within the cytosol signals danger and leads to the formation of an inflammasome dependent on AIM2 (absent in melanoma-2), a member of the PYHIN protein family.
of AIM2 along the length of the DNA recruits the adapter protein ASC (apoptosis-associated speck-like protein containing a CARD), which in turn recruits procaspase-1. Complex formation requires homotypic interactions between death-fold superfamily members, the pyrin domain and the caspase recruitment domain (CARD). 15 AIM2 recruits ASC via pyrin-pyrin domain interaction and ASC interacts with caspase-1 via CARD-CARD interaction. Clustering of procaspase-1 molecules leads to their intermolecular cleavage and activation. 1 The AIM2 inflammasome is activated in response to DNA viruses such as MCMV and vaccinia, 16 and is critical in defence against the cytosolic bacterium Francisella. [17] [18] [19] Another inflammasome complex is initiated by the NLRP3 protein (NOD-like receptor family, pyrin domain-containing-3) in response to diverse stimuli such as extracellular ATP, the bacterial pore-forming toxin nigericin, monosodium urate crystals, asbestos and cholesterol crystals. 1, 20 Like AIM2, NLRP3 has a pyrin domain, and recruits ASC and procaspase-1 to form the inflammasome.
Inflammasome-mediated pyroptotic cell death is characterised as caspase-1-dependent and independent of caspase-3. 2 However, we observed parallel cleavage of caspase-1 and -3 while investigating the mechanism of DNA-dependent death. 13 A recently published work showed AIM2-dependent apoptosis induced by infection of caspase-1-knockout macrophages with Francisella. 21 We confirm that the DNA inflammasome induces apoptosis, and extend this to show a DNA dose-dependent switch between apoptosis and pyroptosis in wild-type (WT) cells, and induction of caspase-8-dependent apoptosis via the NLRP3 inflammasome. Procaspase-8 colocalises with ASC in inflammasomes and binds to ASC in vitro. This provides a novel death-signalling platform for caspase-8, which is otherwise predominantly known for its role in the extrinsic pathway of cell death, and broadens the scope of inflammasomedependent responses to include cell types that do not express caspase-1.
Results
Caspase-1-dependent and -independent death initiated via ASC. Cytosolic dsDNA-dependent death was originally described as pyroptotic. 11 Since cytosolic DNA induced similar cleavage of caspase-1 and -3 in macrophages, 13 we investigated the nature of the induced cell death in more depth. Casp1
À / À cells were protected from rapid DNAinduced cell death at 1 h (Figure 1a) . Thereafter, the Casp1 À / À cells also began to die and showed little difference from WT cells by 3 h post DNA electroporation. The Casp1 À / À mice are also deficient in the neighbouring Casp11 gene, as they were made using mouse strain 129 embryonic stem (ES) cells that are naturally deficient in caspase-11. Caspase-11 was not required for early cell death since the degree and timing of death in Casp11 À / À cells was identical to those in WT cells (Figure 1b) . Asc À / À cells were protected from DNA-induced death for up to 6 h ( Figure 1c) . Thus cell death within 1 h of introduction of DNA is dependent on caspase-1 and ASC, consistent with pyroptosis. Thereafter, cells died in a manner independent of caspase-1 or -11, but dependent on the inflammasome adaptor ASC.
Caspase-1-independent cell death is apoptotic. Pyroptosis involves rapid loss of cell membrane integrity, whereas in apoptosis there is prolonged maintenance of membrane integrity and exposure of phosphatidylserine on cell surface. We investigated the mode of cell death by staining with Annexin-V, which binds to phosphatidylserine, and propidium iodide (PI), a membrane-impermeable DNA stain. By 1 h post transfection with DNA, the majority of WT bone marrowderived macrophages (BMMs) had lost membrane integrity and become PI-positive (Figure 2a) , consistent with pyroptosis. 11 By contrast, Casp1 À / À BMMs predominantly stained positive for Annexin-V in response to DNA, but still excluded PI, consistent with apoptosis. Cells lacking ASC failed to initiate either death pathway (Figure 2a) .
Another hallmark of apoptosis is cleavage of DNA. This can be measured by the appearance of cells with an amount of DNA less than that found in G 0 /G 1 cells. Analysis of DNA content showed sub-G 0 /G 1 DNA, consistent with apoptosis in the Casp1
À / À cells ( Figure 2b ). Together, the Annexin-V-PI staining and DNA content analysis confirm that WT cells predominantly underwent pyroptotic death, whereas in the Casp1 À / À cells, death was apoptotic. Annexin-V staining of WT cells at 1 h suggested some initiation of apoptosis, but the lack of cells with sub-G 0 /G 1 DNA at 6 h suggests that the apoptotic program may then have been cut short by pyroptosis.
A 20-mg dose of DNA was used as shown in Figure 2a to induce profound cell death. We observed that the time course of death of WT cells was slower with lower amounts of DNA. Consequently, we examined the balance between pyroptosis and apoptosis over a DNA dose response at 6 h after introduction of DNA (Figure 2c) . In WT cells, apoptotic death predominated at low DNA doses. At high DNA concentrations, most cells became PI-positive. At this 6-h time point, this could indicate either pyroptosis or late apoptosis. However, in Figure 2a , we have established that the highest concentrations of DNA induced lytic death by 1 h post electroporation. Thus we conclude that there was a threshold of cytosolic DNA required for pyroptotic death, below which death was predominantly apoptotic.
We previously showed that caspase-3 was cleaved within 5 min of electroporation with DNA. 13 To assess the contribution of caspase-3 and other apoptotic caspases to the caspase-1-independent DNA-induced cell death, we pretreated Casp1
À / À cells with the broad-spectrum caspase inhibitor Z-VAD-FMK (carbobenzoxy-valyl-alanyl-aspartyl-[Omethyl]-fluoromethylketone) prior to electroporation with DNA. The inhibitor reduced caspase-1-independent cell death in four independent experiments (Figure 2d) , and blocked caspase-3 cleavage (Figure 2e) , consistent with apoptosis. Procaspase-8 also showed DNA-dependent cleavage, which was sensitive to Z-VAD-FMK (Figure 2e ). Further evidence for apoptotic death was provided by the cleavage of the caspase-3 substrate PARP-1 in DNA-electroporated Casp1 À / À BMMs, and to a lesser extent in WT cells (Figure 3a) .
A range of caspases are cleaved, independent of caspase-1. We initially found that active caspase-3 was not reliably observed in lysates of DNA-transfected WT cells unless they were kept at room temperature (RT) 13 Direct inflammasome activation of caspase-8 V Sagulenko et al (Supplementary Figure 1A) . The key to the apparent temperature dependence was that DNA-transfected cells underwent pyroptotic lysis at 37 1C, releasing cleaved caspase-3 and -1 ( Figure 3a and Supplementary Figure 1B) . With incubation at 37 1C, cytosolic DNA also led to the release of the active forms of caspase-8 and -7, and an intermediate cleavage product of caspase-9, p39, into the medium (Figure 3a) . Casp1 À / À cells that underwent apoptosis but not pyroptosis, and thus did not lyse, retained the processed forms of apoptotic caspases-3, -7, -8 and -9 within them. Overall, these results confirmed that caspase-1 was essential for rapid lytic pyroptosis, but was dispensable for induction of the apoptotic cascade. We next sought to establish whether cleavage of all these caspases was due to inflammasome activity.
ASC is essential for all caspase cleavage in response to cytosolic DNA. ASC is a crucial element of the AIM2 inflammasome and, in contrast to WT cells, processing of caspases-1, -3, -7 -8 or -9 was not induced by cytosolic DNA in Asc À / À cells (Figure 3b ). Thus cytosolic DNA induces the activation of the apoptotic cascade in an ASCdependent manner. The abundance of processed caspase-3 prompted us to identify the apical caspase responsible.
Caspase-3 cleavage is independent of caspase-2 and unaffected by Bcl-2 overexpression. Caspase-3 and -7 are executioner caspases that are normally activated through cleavage by one of the initiator caspases, caspase-8, -9, or -2. 6 Caspase-11 is dispensable for the caspase-3 cleavage we observed since the Casp1 À / À cells, that are deficient in both caspase-1 and -11, 22 showed strong caspase-3 cleavage upon DNA transfection (Figure 3a) .
We attempted to identify the apical caspase by trapping with the inhibitor biotin-VAD-FMK. This method was not useful as inhibition of the apical caspase was not complete, allowing trapping of downstream caspases, as noted by others. 23 We examined the requirement for caspase-2 in DNA-induced cleavage of caspase-3. We did not detect any active caspase-2 in the WT BMMs in response to DNA and caspase-3 processing was undiminished in Casp2 À / À BMMs transfected with calf thymus (CT) DNA or poly(dA):(dT) (Figure 4a ). Thus in agreement with others, 21 we found that caspase-2 is not an apical caspase in response to cytosolic DNA.
In order to determine whether the mitochondrial intrinsic pathway of apoptosis was involved in caspase-3 processing, we examined the response to DNA in Bcl-2-overexpressing and WT BMMs. Bcl-2 inhibits the induction of MOMP, which precedes release of cytochrome c, apoptosome formation and activation of caspase-9.
5 Bcl-2 overexpression did not affect caspase-3 cleavage in response to DNA transfection ( Figure 4b , upper panel). Staurosporine (STS) was used as a control to confirm the effect of Bcl-2 overexpression in these cells (Figure 4b, lower panel) . 24 We conclude that the intrinsic apoptotic pathway is not a dominant route for early caspase-3 cleavage in response to cytosolic DNA in WT macrophages. Caspase-8 was a remaining candidate for the apical apoptotic caspase.
Caspase-8 is the apical caspase in DNA-induced apoptosis. To study the role of caspase-8, we used gene knockdown, since Casp8 À / À mice suffer embryonic Direct inflammasome activation of caspase-8 V Sagulenko et al lethality 25 and caspase-8 is required for differentiation of macrophages. 26 We knocked down caspase-8 using three separate small interfering RNAs (siRNAs) in Casp1
immortalised BMMs (iBMMs) (Figure 4c ). The knockdown profoundly inhibited the cleavage of both caspase-3 and -9, implicating caspase-8 as the apical protease in the pathway (Figure 4d ). The caspase-8 blot in Figure 4d is overexposed to show the cleaved caspase-8 band, and the degree of knockdown for this experiment should be assessed from Figure 4c . Although a role for the intrinsic pathway of apoptosis was not supported by the lack of an effect of Bcl-2 overexpression on caspase-3 cleavage (Figure 4b ), we further investigated any possible role of caspase-9. Knockdown of caspase-9 ( Figure 4e ) had little detectable effect on caspase-3 cleavage (Figure 4f ). Although caspase-9 was cleaved in a caspase-8-dependent manner in response to DNA, we have no evidence that caspase-9 was activated, and the exact molecular mechanism of the cleavage has not been established. Of note, in WT cells we detected the intermediate cleavage product of caspase-9 (p39), which has been attributed to direct cleavage by caspase-3 27 ( Figure 3a ). In the Casp1 À / À cells, the smaller form of caspase-9 (p37) was prominent, which may result from autocatalytic cleavage due to apoptosome formation 27 or À / À BMMs was effectively inhibited by Z-VAD-FMK. Cells were treated in parallel with the experiment shown in panel d, except they were lysed at 30 min post electroporation, and the levels of cleaved caspase-3 (p17) and caspase-8 (p18) were analysed by western blot using a-tubulin as a loading control Direct inflammasome activation of caspase-8 V Sagulenko et al direct cleavage by caspase-8. 28 This may occur more in Casp1 À / À cells as they do not undergo pyroptosis, and hence have longer for caspase processing to occur.
To confirm that caspase-8-induced executioner caspase activation was primarily responsible for apoptotic death, we examined the effect of caspase-8 and -9 knockdown on the apoptotic phenotype of the Casp1 À / À cells, measured by Annexin-V staining and sub-G 0 /G 1 DNA (Figure 4g ). The effectiveness of the knockdown in this experiment is shown in the bottom right panel. There was a correlation between the degree of caspase-8 knockdown and inhibition of apoptosis. In this experiment, caspase-8 siRNAs #1 and #2 effectively knocked down protein expression, and gave a pronounced reduction of both measures of apoptotic phenotype. Caspase-8 siRNA #3 was less effective in knockdown and had correspondingly less effect on the number of apoptotic cells. Correlating with its minimal effect on caspase-3 cleavage (Figure 4f ), caspase-9 knockdown had only a minor effect on the number of apoptotic cells. Overall, these results confirm caspase-8 as the apical caspase in AIM2 inflammasome-induced apoptosis, and show minimal, if any, role for caspase-9.
Minimal production of IL-1b in the absence of caspase-1. Although the most studied pathway leading to proIL-1b cleavage is via inflammasome activation of caspase-1, several studies have reported cleavage of proIL1b by caspase-8. [29] [30] [31] [32] Despite caspase-8 activation by cytosolic DNA, we found that production of active IL-1b was very low in the absence of caspase-1 (Supplementary Figure 2) . In the Casp1 À / À cells, there was a prominent cleavage of proIL-1b to a 28-kDa form that is not active. 33 The NLRP3 inflammasome activates apoptosis. Having provided evidence for ASC-dependent activation of procaspase-8 in the DNA inflammasome response, we asked whether similar effects are seen with the ASC-dependent NLRP3 inflammasome. The bacterial pore-forming toxin nigericin is a potent stimulus for NLRP3 and it led to dosedependent death of WT cells, predominantly within the first hour of treatment (Figure 5a ). The Casp1 À / À cells showed no death within the first hour, but died progressively starting at 2 h, whereas Asc À / À and NLRP3 À / À cells were protected from death for at least 6 h. Staining cells with PI-Annexin-V as well as examination of DNA fragmentation by sub-G 0 /G 1 DNA confirmed that the WT cell death was characteristically pyroptotic and the Casp1 À / À cell death was apoptotic (Figures 5b and c) . Conventional NLRP3 inflammasome activation is dependent on priming with a toll-like receptor stimulus such as lipopolysaccharide (LPS), which induces NLRP3 and proIL-1b, 34 and has other uncharacterised roles in 'licensing' NLRP3 responses. 35 The NLRP3-dependent apoptotic response in Casp1 À / À cells is similarly dependent Casp8, p18
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Figure 3 Figure 3) . Consistent with an inflammasome-induced apoptotic pathway, ASC-dependent caspase-8 and -3 processing was observed in the WT and Casp1 À / À cells (Figure 5d ). Knockdown of caspase-8, but not caspase-9, prevented caspase-3 cleavage in response to nigericin (Figure 5e ). The degree of knockdown in this experiment is shown in Figure 4g . Finally, knockdown of caspase-8, but not caspase-9, prevented the death of the Casp1 À / À cells (Figure 5f ). Thus both the AIM2 and NLRP3 inflammasomes, which recruit ASC, are able to activate caspase-8 and initiate apoptosis, in addition to caspase-1-dependent pyroptosis.
Procaspase-8 colocalises with ASC in cells. It has been shown that an ectopic FLAG-tagged caspase-8 DED prodomain associated with ASC specks upon Francisella infection. 21 Here we investigated the localisation of endogenous procaspase-8 and ASC in Casp1 À / À macrophages stimulated with an NLRP3 agonist by confocal immunofluorescence microscopy. In the absence of a stimulus, ASC was predominantly nuclear, whereas caspase-8 localised to the cytoplasm (Figure 6a , lower panel). Cells were treated with 5 mM nigericin in the presence of the pan-caspase inhibitor Z-VAD-FMK to inhibit cleavage of procaspase-8 and prolong interactions dependent on its DED pro-domain. In treated cells, ASC was detected almost exclusively in cytoplasmic specks (Figure 6a, upper panel) . Caspase-8 maintained cytoplasmic localisation, but also formed small specks of more intense staining, which colocalised with ASC. Thus, endogenous procaspase-8 clearly colocalised with ASC upon inflammasome stimulation.
ASC pyrin domain binds to procaspase-8. To determine whether ASC might recruit procaspase-8, we investigated the interaction between these two proteins. Immunoprecipitation experiments have shown ASC and caspase-8 as part of a complex within cells, 36 but that does not exclude the involvement of other proteins. We analysed the pull-down of in vitro-translated procaspase-8 using recombinant GST-pyrin or GST-CARD domains of ASC. Procaspase-8 was recovered from the solution using GST-pyrin immobilised on beads, but not GST-CARD or a GST control (Figure 6b) . Additional controls performed to confirm specificity showed that procaspase-8 does not bind to the pyrin domains of NLRP3 or POP1, or to the death domain (DD) of Fas (Supplementary Figure 6) .
Discussion
The inflammasome is a platform for activation of caspase-1, which subsequently leads to lytic pyroptotic death. We have shown here that caspase-8-dependent apoptosis is an additional pathway resulting from inflammasome activation. Cleaved forms of apical caspase-8 and executioner caspase-3 were seen with the AIM2 and NLRP3 inflammasome in response to cytosolic DNA and nigericin, respectively. This processing was independent of caspase-1 but dependent on the inflammasome adapter ASC. A recent complementary work 21 showed that infection of macrophages with Francisella tularensis initiated AIM2-dependent apoptosis in caspase-1-knockout cells. Another recent work has shown ASC-dependent cleavage of caspase-3 in response to NLRC4 inflammasome activation by Legionella pneumophila, 37 and in a separate study, apoptosis was induced by inflammasome responses to Salmonella enterica in Casp1 À / À cells. 38 Thus inflammasomedependent apoptosis is relevant to infectious agents. Absence of caspase-1 prevents pyroptosis and allows apoptosis to be more clearly observed. However, inflammasome-dependent apoptosis is not restricted to cells lacking caspase-1 and is also seen in WT cells. The balance between apoptosis and pyroptosis depended on the strength of the signal. Pyroptosis had a higher threshold for initiation and apoptosis predominated at lower DNA concentrations. Apoptotic responses to inflammasome activation may be missed in many experimental settings, due to the dominance of rapid pyroptosis at the high concentrations of stimuli that are generally used.
Activation of AIM2 or NLRP3 inflammasomes induced the cleavage of apoptotic initiator caspase-8 and -9, and executioner caspase-3 and -7. Gene silencing showed that caspase-8 was the apical caspase in the apoptotic pathway. A previous work had similarly suggested that caspase-8 was the apical caspase in the AIM2 response to Francisella. 21 The authors also proposed an important role of caspase-9 and the intrinsic apoptotic pathway in response to Francisella in Casp1 À / À cells, based largely on the results of Bcl-2 overexpression. Our knockdown data in Casp1 À / À cells suggest that caspase-9 is dispensable for AIM2 or NLRP3 inflammasome-mediated apoptosis. In WT macrophages, we found no evidence for decreased inflammasome-induced caspase-3 cleavage with Bcl-2 overexpression. The differences between the effect of Bcl-2 overexpression presented here and those published by Pierini et al. 21 may be attributed À / À BMMs. BMMs of the indicated genotypes were primed for 4 h with 10 ng/ml LPS prior to treatment for 1-6 h with nigericin at doses 0, 2.5, 5 and 10 mM. The degree of cell death was determined by PI staining followed by flow cytometry. The results shown are the means ± S.E. of the data of three independent experiments. (b) Nigericin causes pyroptotic death of WT cells and apoptotic death of Casp1 À / À BMMs. BMMs were treated with 10 ng/ml LPS, followed by 10 mM nigericin for 2 h. Annexin-V-PI staining was used to detect apoptotic cells by flow cytometry. (c) Apoptotic death of Casp1 À / À BMMs was detected by the presence of sub-G 0 /G 1 DNA content. Cells were primed with 10 ng/ml LPS for 4 h, followed by nigericin for 6 h. Each data point shows the result of an independent experiment. (d) Nigericin activates apoptotic caspases in an ASC-dependent and caspase-1-independent manner. BMMs from C57BL/6 (WT), Asc À / À and Casp1 À / À mice were pretreated with 10 ng/ml LPS and after 4 h nigericin was added to the cells at a final concentration of 10 mM. Control cells were treated with a methanol vehicle control. Cell protein extracts and proteins released into the culture medium were collected after 2.5 h of incubation at 37 1C, and analysed by western blot. (e) Caspase-8 is the apical apoptotic caspase activated by nigericin. Casp1
À / À iBMMs with caspase-8 or -9 knocked down were treated with 100 ng/ml LPS for 4 h followed by 10 mM nigericin for 75 min. Cell extracts were analysed by western blot. The degree of knockdown in this experiment is shown in Figure 4g . (f) Nigericin-dependent apoptosis requires caspase-8. Casp1
À / À iBMMs with caspase-8 or -9 knocked down were treated with 10 ng/ml LPS for 4 h followed by 10 mM nigericin for 4 h. The results shown are the mean and range of duplicate cell treatments from a single experiment. An effect of caspase-8 knockdown was shown in four independent experiments. The left-hand panel shows cell death measured by flow cytometry of PI-stained cells; the middle panel shows sub-G 0 /G 1 cells assessed by flow cytometry as an indication of apoptosis; and the right hand panel shows the degree of caspase-8 and -9 knockdown, assessed by western blot. Example primary data from flow cytometry are shown in Supplementary Figure 4 Direct inflammasome activation of caspase-8 V Sagulenko et al to the action of bacterial factors that confine caspase-8 activity. Alternatively, the Casp1 À / À cells used in their study may have greater dependence than WT cells on some effects of the intrinsic pathway, such as mitochondrial release of SMAC to reinforce caspase-8 activation.
ASC is the key molecule orchestrating the recruitment of both procaspase-1 and -8 to the inflammasome complex ( Figure 7 ). An interaction between procaspase-8 and ASC has some precedent in the literature: ectopic procaspase-8 was immunoprecipitated from HEK293 cell extracts in a complex with overexpressed ASC pyrin domain but not CARD domain. 36 In addition, upon overexpression, the DED domains of procaspase-8 mediated colocalisation with the AIM2 inflammasome in Francisella-infected cells. 21 Together with our work, this strongly implicates a direct interaction between the DEDs of procaspase-8 and the pyrin domain of ASC. The DD superfamily includes CARD, DED, pyrin (PYD) and DDs, which are prominent in signalling pathways of innate immunity as well as cell death. 15 Reported interactions between DDs are almost exclusively homotypic, although CARD-DD and CARD-DED interactions have been observed. 39, 40 Interestingly, phylogenetic analysis of protein sequences shows that the pyrin domains and DEDs shown to interact here form a clade, and are more distantly related to the other DDs. 15 ASC was first named 'apoptosis-associated speck-like protein containing a CARD' due to clustering of ASC seen in HL60 cells induced to undergo apoptosis by chemotherapeutic agents. 41 In addition, ASC was independently described as a candidate tumour-suppressor protein 'target of methylationinduced silencing-1' (TMS1) 42 and is silenced in approximately 40% of breast cancers. 43 Literature on the role of ASC in tumour cell apoptosis has been largely ignored within the inflammasome literature, and vice versa. Although studies have assumed that a tumour-suppressor function of ASC relies on a connection with apoptotic pathways, suggested mechanisms vary. Studies of tumour cells have suggested that ASC-dependent apoptosis requires ASC interaction with the Bcl-2 family member Bax, 44 or caspase-8. 36, 45 In a parallel with our work here, forced ASC clustering led to either apoptotic or necrotic death of tumour cells, depending on their expression of caspase-1. 45 The tumour-related literature has We have shown cleavage of caspase-8 and -1 initiated by the AIM2 and NLRP3 inflammasomes, and two reports have shown that another inflammasome initiator protein, NLRC4 (IPAF), when constitutively activated by truncation, also causes cleavage of both caspases. 36, 46 Activation of several death pathways simultaneously could be a cellular attempt to avoid inhibition of cell death by pathogens. In the case of recognition of viral DNA, the virus would need to inhibit pathways activated by both caspase-8 and -1. This is indeed achieved by CrmA from cowpox virus, which inhibits both these caspases. 47 In summary, recruitment and activation of procaspase-8, and induction of apoptosis, can be considered an intrinsic part of inflammasome function. This extends the relevance of inflammasome responses beyond cell types expressing caspase-1. We suggest that normal inflammasome responses, such as detection of abnormal cytosolic DNA, may explain the identification of both AIM2 and ASC as candidate tumour suppressors. 43, 48, 49 Materials and Methods Cells and mice. Casp1
C57BL/6 and vav-Bcl-2 transgenic mice 54 were housed under specific pathogenfree (Spf) conditions and used under approval from the University of Queensland animal ethics committee. Casp2
À / À mice 55 were used at Latrobe University, Melbourne, under ethical approval from the Latrobe animal ethics committee. Knockout mice were made using ES cells derived from 129 strain mice and backcrossed onto the C57BL/6 background. The vav-Bcl-2 transgenic was made using C57BL/6 cells. BMMs were obtained from these strains as described, 56 and used after 7-10 days of differentiation. Casp1 À / À BMMs immortalised with v-myc and v-raf/mil oncogenes 57 were obtained from Eicke Latz and Kate Fitzgerald (University of Massachusetts Medical School). Cells were maintained on bacteriological plates in RPMI1640 medium with 10% heat-inactivated foetal calf serum (FCS), 100 U/ml penicillin and 100 mg/ml streptomycin.
Chemicals and DNAs. CT DNA (Sigma St. Louis, MN, USA) and doublestranded homopolymer polydA:polydT (GE Healthcare, Little Chalfont, UK) were purified with Triton X-114 to ensure absence of LPS, as described. 58 Salmonella minnesota Re595 LPS was obtained from Sigma and used at 10 ng/ml. Ultrapure LPS from Escherichia coli K12 was obtained from Invivogen (San Diego, CA, USA) and used at 100 ng/ml. Z-VAD-FMK was obtained from Calbiochem (Merck Millipore, Billerica, MA, USA), and nigericin and STS were from Sigma. Nigericin was dissolved in either methanol or ethanol, and the solvent used as vehicle control in experiments.
Electroporation and MTT assay. Cells were electroporated with DNA in a total volume of 400 ml of full growth medium, unless otherwise noted, in 0.4-cm cuvettes using a Bio-Rad Gene Pulser set at 1000 mF, 240 V. Cleavage of MTT reagent (Sigma) by the mitochondrial enzyme succinate dehydrogenase was used as a measure of cell viability. Assays were performed as described 59 using 120 000 cells per well. Where cells were non-adherent, they were incubated in 60 ml of medium with 1 mg/ml MTT for 1 h and the product was solubilised by addition of 200 ml of 10% SDS and 50% isopropanol overnight.
Flow cytometric determination of apoptosis. For staining with Annexin-V combined with PI, 250 000 cells were resuspended in 50 ml of 10 mM HEPES (pH 7.4), 140 mM NaCl and 2.5 mM CaCl 2 , and placed on ice for 5 min. A further 50 ml of buffer containing 5 ml of Annexin V-Alexa Fluor-488 (Life Technologies, Grand Island, NY, USA) was added, mixed and incubated on ice in dark for 10-15 min. A 400-ml volume of buffer containing 0.6 mg/ml PI (Life Technologies) was added and samples were analysed on a C6 Accuri cytometer. Sub-G 0 /G 1 DNA was analysed using PI as described. 56 Protein extracts and western blotting. Where proteins were analysed in both cell lysate and medium, cells were washed at RT immediately after electroporation to remove any debris, and resuspended in serum-free medium. After incubation at 37 1C, cells were pelleted and lysed in 2% SDS and 62 mM Tris (pH 6.8). Extracellular proteins were concentrated from the medium using four volumes of 100% acetone and centrifugated at 17 000 Â g. Western blotting was performed as described. 13 The primary antibodies used were as follows: rabbit polyclonal antibodies against full-length caspase-3 (#9662) and cleaved caspase-3 (#9661), which were used together; rabbit polyclonal antibodies against caspase-9 (#9508), caspase-7 (#9492), IL-1b (x8689), and mouse monoclonal antibodies against S6 ribosomal protein, clone 54D2 (Cell Signaling Technologies, Boston, MA, USA), rat monoclonal anti-caspase-8, clone 1G12, 60 Figure 7 A model for the AIM2 and NLRP3 inflammasomes, activating parallel apoptotic and pyroptotic death pathways. DNA in the cytosol is recognised by the HIN domain of AIM2. [10] [11] [12] [13] Binding of AIM2 along the length of the DNA then recruits ASC via homotypic pyrin domain interactions. This then nucleates the formation of a cluster of ASC, which self-associates via both pyrin and CARD domain interactions. 61 The ASC cluster may lose association with AIM2, as it has been observed in cells adjacent to the AIM2-DNA complex. 18 Alternatively, nigericin leads to NLRP3 clustering and nucleation of an ASC speck. ASC is an adapter molecule that recruits procaspase-1 via homotypic CARD domain interactions. Clustering leads to activation of procaspase-1, which promotes pyroptosis. The alternative pathway elucidated here involves recruitment of procaspase-8 via the pyrin domain of ASC and its activation, leading to downstream caspase-3 cleavage and apoptotic cell death. Whether both procaspase-1 and -8 can be recruited to the same ASC molecule as shown here has not been established, although since they bind to different domains, this is feasible Direct inflammasome activation of caspase-8 V Sagulenko et al
In some cases, duplicate blots of the same samples were run and probed with different antibodies, and these are shown together in one figure. Loading controls were performed on all blots and a representative control is shown for each set of samples.
siRNA gene knockdown. Stealth siRNAs were obtained from Life Technologies. Sequences targeted in caspase-8 mRNA were: siRNA #1: 5 0 -GGUGACAAGGGUGUCGUCUAUGGAA-3 0 , siRNA #2: 5 0 -GGCGUGAACUAU GACGUGAGCAAUA-3 0 and siRNA #3: 5 0 -UCACACUACGGAAGAAGCUCUUC UU-3 0 , and in caspase-9 mRNA were: siRNA #1: 5 0 -ACAGCCAGGAAUCU GCUUGUAAGUC-3 0 , siRNA #2: 5 0 -UGGGACCAAUGGGACUCACAGCAAA-3 0 and siRNA #3: 5 0 -ACAGCCAGGAAUCUGCUUGUAAGUC-3 0 . The control siRNA targeted mouse TLR9: 5 0 -GCCAGCCCUUUAGCAUGAAGGGUAU-3 0 : Cells were electroporated as per DNA, but at 260 V, with 0.75 mM siRNAs. The degree of knockdown was assessed and cells were used for experiments 27 h after introduction of siRNAs.
Immunofluorescence staining and confocal microscopy. For immunofluorescence staining, BMMs were grown on glass coverslips. Cells were treated for 3 h with 10 ng/ml LPS and 1 h with 25 mM pan-caspase inhibitor Z-VAD-FMK prior to inflammasome induction using 5 mM nigericin for 45 min. The cells were fixed with 1% paraformaldehyde (PFA) prepared in 1 Â PBS supplemented with Ca 2 þ and Mg 2 þ for 10 min at RT and then permeabilised/ blocked for 45 min at RT in PBS/Ca 2 þ Mg 2 þ containing 10% FCS and 0.3% saponin (Sigma). Cells were incubated overnight at 4 1C with rat monoclonal anticaspase-8, clone 3B10 60 (Enzo Life Sciences), and/or rabbit polyclonal anti-ASC (N-15) (Santa Cruz Biotechnology) diluted in antibody incubation buffer (1 Â PBS/ Ca 2 þ Mg 2 þ with 2.5% FCS and 0.3% saponin). Unbound antibodies were washed with PBS/Ca 2 þ Mg 2 þ containing 0.05% Tween-20 and slides were incubated for 1 h at RT with secondary antibodies, goat anti-rat-Alexa Fluor-488 and chicken-anti-rabbit-Alexa Fluor-647 (Life Technologies), diluted in antibody incubation buffer supplemented with 0.2 mg/ml 4',6-diamidino-2-phenylindole (DAPI) to stain nuclei. The slides were mounted in fluorescent mounting medium (Dako, Glostrup, Denmark). The cells were examined with an LSM510 laserscanning confocal microscope using the Zen2009 software (Carl Zeiss, Oberkochen, Germany). Pinhole size was adjusted to get the same axial resolution for different channels. Fluorescent signal bleeding or cross-reactivity of secondary antibodies was ruled out by labelling the cells with a primary antibody against ASC or caspase-8 alone (Supplementary Figure 5) . All experimental and control images were collected using identical imaging settings.
